ABSTRACT
proven useful in a variety of metal-catalyzed transformations, such ligand design concepts had not previously been employed successfully in the development of state-of-the-art ancillary ligands for use in BHA and related cross-coupling chemistry. In particular, we envisioned that a rigid chelating P,N-ligand structure might provide a means of attaining high levels of monoarylation selectivity with small nucleophilic coupling partners, thus providing an advantage over monodentate ligands. Moreover, we envisioned the possibility that P,N-ligand hemilability might provide access to both monodentate (e.g.
Following our initial development of Me-DalPhos for use broadly in BHA, 8 a very brief ancillary ligand modification survey in the context of ammonia monoarylation enabled the development of MorDalPhos; 9 the structures of these DalPhos ligands are depicted in Figure 1 . 10 Notably, Mor-DalPhos has since proven to be particularly useful in the selective monoarylation of a range of small, nucleophilic reaction partners such as ammonia, 9, 11 hydrazine, 12 and acetone, 13 as well as in challenging crosscouplings involving aryl mesylates, 13b in some cases for the first time reported in the literature. While variants of Mor-DalPhos featuring pyrrole, pyridine, and benzophenone imine donor fragments in place of the morpholino group were examined in our initial study, 9 their vastly inferior catalytic behavior, as well as that of Me-DalPhos, in the challenging ammonia monoarylation test reaction employed suggests that the presence of a cyclic dialkylamino donor fragment ortho to the PAd 2 group (Ad = 1-adamantyl),
as featured in Mor-DalPhos, may be particularly important in achieving optimal performance within this ligand class. Building on these observations, and in an effort to identify high-performing variants of
Mor-DalPhos, we have subsequently explored the influence of backbone substitution, 14 as well as donorfragment substitution, on palladium-catalyzed C-N and C-C cross-coupling reactivity employing MorDalPhos variants. Herein we report on our extensive examination of the latter structural variation, whereby 18 known or newly prepared Mor-DalPhos derivatives were systematically screened in test reactions involving the palladium-catalyzed cross-coupling of chlorobenzene with aniline, octylamine, morpholine, indole, ammonia, or acetone, with an emphasis on the examination of ligands featuring pairings of ortho-disposed PAd 2 (or the new dimethylated variant P( Me2 Ad) 2 ) and cyclic dialkylamino donor fragments (Figure 1 ).
EXPERIMENTAL
General Considerations. All reactions were set up inside a dinitrogen-filled, inert atmosphere glovebox (unless otherwise indicated) and isolated under standard benchtop conditions. Toluene and methylene chloride used in the glovebox were deoxygenated by purging with dinitrogen followed by passage through a double column solvent purification system equipped either with one alumina-packed column and one column packed with copper-Q5 reactant (toluene), or two alumina-packed columns (methylene chloride). 1,4-Dioxane and diethyl ether were dried over Na/benzophenone followed by distillation under an atmosphere of dinitrogen. tert-Butanol was dried over CaH 2 followed by distillation under an atmosphere of dinitrogen. All solvents used within the glovebox were stored over activated 4 Å and purged with N 2 . 15 mL of PCl 3 was added via cannula, and the reaction mixture was heated to reflux for 5 hours. Excess PCl 3 was removed by distillation, and the resulting orange slurry was taken up in chloroform and cooled to 0 °C. Water was added slowly with vigorous stirring, and subsequent steps were carried out under bench top conditions. The resulting mixture was Buchner filtered through a bed of Celite. The layers were separated and the organic phase was dried using Na 2 SO 4 and filtered.
Removal of solvent provided the title compound as a pale yellow solid in 99% yield (6.17 g, 0.015 mol). 
RESULTS AND DISCUSSION
The Mor-DalPhos ancillary ligand variants (L1-L18) examined herein were prepared in synthetically useful yields as outlined in Scheme 1, using a methodology analogous to that employed for the parent Mor-DalPhos ligand. 9 Starting from 2-bromoiodobenzene, the nitrogen donor fragment was introduced at the iodide position by use of a BHA protocol using Pd 2 dba 3 /BINAP; subsequent palladium-catalyzed C-P cross-coupling of the derived aniline in the presence of Pd(OAc) 2 /DiPPF D r a f t group previously, whereas ligand L13 15 was reported for use in oxidative gold catalysis by Zhang and co-workers during the course of our investigations herein; otherwise, L4, L6, L8-L12, and L14-L18
represent new compounds that are disclosed for the first time herein. In all cases the new Mor-DalPhos ligand variants were found to be air-stable, and were characterized by use of NMR spectroscopic and high-resolution mass spectrometric techniques, as well as X-ray crystallographic methods in the case of L16 (Figure 2) . Notably, ligands L6 and L16-L18 are derived from the new secondary phosphine HP( Me2 Ad) 2 , which was prepared by using a synthetic method directly analogous to that reported for the synthesis of HPAd 2 . 16 Combination of 1,3-dimethyladamantane and PCl 3 in the presence of AlCl 3 afforded after aqueous workup Cl(O)P( Me2 Ad) 2 , which in was be transformed into HP( Me2 Ad) 2 (86% overall isolated yield across both steps) upon reduction with LiAlH 4 .
With a series of systematically modified Mor-DalPhos ancillary ligand variants in hand (L1-L18), we conducted an initial competitive screen of these ligands focused on the palladium-catalyzed cross-coupling of chlorobenzene with aniline, octylamine, or morpholine ( Figure 3 ; 2 mol% Pd, 4 mol% L). Chlorobenzene was chosen specifically given the difficulty associated with the cross-coupling of aryl chlorides, 17 and as a representative substrate lacking electronic or steric activation. Furthermore, the nucleophiles selected represent relatively easy substrates in BHA chemistry, 1a which we viewed as being an appropriate starting point in our reactivity survey.
The poor performance of the triarylphosphines L1 and L2 in the N-arylation of aniline, octylamine, or morpholine with chlorobenzene was readily apparent, whereby ≤ 40% conversion to the target product was noted in all cases. These observations are consistent with the established trend that strongly electron-releasing ancillary ligands are needed in order to achieve effective catalytic turnover in palladium-catalyzed cross-couplings of aryl chlorides. L13 afforded quantitative conversion to the target product. While high conversion to product was also realized by use of the P( Me2 Ad) 2 variants L6 and L16, the related heterocyclic variants L17 and L18
proved significantly less effective.
The selective monoarylation of ammonia or acetone share the common challenge that the derived products (i.e., in the case of phenyl electrophiles, aniline or phenylacetone) are often superior substrates relative to ammonia or acetone, thereby leading to uncontrolled polyarylation even in the presence of excess nucleophile. 21 In this context, Mor-DalPhos L5 has proven to be one of the most effective ancillary ligands known for such difficult palladium-catalyzed cross-couplings. 9, 13a In keeping with this theme, L5 afforded high conversion and selectivity for the monoarylation of ammonia with chlorobenzene under the test conditions employed herein. While none of the ligands surveyed were found to out-perform L5 in this regard, comparable catalytic behavior was noted when using the P( Me2 Ad) 2 analogue L6; ligands L10 (as observed previously 9 ), L13, L16, and L17 also performed reasonably well in this transformation. In quantifying the formation of diphenylamine as part of this ancillary ligand screening process, significant competing diarylation (> 20%) was noted in the case of L3, L7, L9, L14, and L18.
The palladium-catalyzed selective monoarylation of acetone with chlorobenzene was found to be a transformation for which a larger number of the Mor-DalPhos ancillary ligand variants proved capable While it is our view that the beneficial effect of methylation in this context is associated with increased ancillary ligand steric demand, perhaps resulting in reduced bi-molecular decomposition, more subtle electronic effects including rendering the donor fragments more electron-rich cannot be discounted. This is not to say that we completely understand all of the observed structure-reactivity phenomena; the efficacy of L12 in the palladium-catalyzed monoarylation of acetone was particularly surprising, given that this ligand variant proved inactive in the conceptually related monoarylation of ammonia.
Collectively, the results presented herein serve to underscore the benefits of systematically examining, through structural modification, an effective ancillary ligand structure, as a means of better understanding structure-reactivity properties and also as an entry-point to more effective catalytic systems.
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NMR Spectra of the newly prepared ligands and their precursors reported herein. 
